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Theory of electron-acoustic single phonon scattering has been reconsidered. It is assumed that the non-dege¬ 
nerate semiconductor has a spherical parabolic band structure. In the basis of the reconsideration there is a 
phenomenon of the tilting of semiconductor bands by the perturbing potential of an electric field. In this case, 
electron eigenfunctions are not plane waves or Bloch functions. In low-field regime, the expressions for elec¬ 
tron intraband transition probability and scattering time are obtained under elastic collision approximation. 
Dependencies of scattering time on electron energy and uniform electric field are analyzed. The results of cor¬ 
responding numerical computations for n-Si at 300 K are presented. It is established that there is no fracture 
on the curve of electron scattering time dependence on the electron energy. 

Key words: tilted band semiconductor, electron-acoustic phonon scattering, transition probability, scattering 
time 
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1. Introduction 


Current carrier (electron) mobility p is an important parameter characterizing many transport phe¬ 
nomena in semiconductors under electric field F. Electron mobility is determined as p = (eT^lm) EDO, 
where r k is the electron quasi-momentum relaxation time, e is the electron charge magnitude, m is the 
electron effective mass, (• • •) is the symbol of averaging over conduction zone quantum states. Relaxation 
time Tk is determined by the electron scattering by various dynamic and static imperfections of a crys- 
tall lattice such as lattice vibrations (optic and acoustic phonons), ionized and neutral impurity atoms, 
vacancies, etc. For theoretical consideration of scattering probability and relaxation time r k , a flat-band 
semiconductor model is used, as a rule DOS). In this case, in low electric field region (F < F c , where F c is a 
characteristic field), the electron relaxation time r k and, therefore, the mobility p are field-independent 
quantities ED[S). Particularly, the relaxation time related to electron-acoustic single phonon elastic scat¬ 
tering in non-degenerate n-type semiconductor with a spherical parabolic conduction band is given by 

GH1 


1 /T k| ac — 


Dl c (2m) 3l2 k B T 

2nh 4 p T VQ k 


(1) 


Here, p T is a reduced mass density of a crystal, £> ac is the acoustic deformation potential constant, k B is the 
Boltzmann constant, T is temperature, Vo is the long-wavelength longitudinal acoustic phonon velocity, 
r k = fi 2 k 2 12m is the electron energy, boldface k is the electron wave vector (herein below, the magnitudes 
of vector quantities are denoted by non-boldface symbols). 

At high electric fields (F > F c ), the time r k and, therefore, the mobility p depend on the applied elec¬ 
tric field (4). Thus, at electron scattering by an acoustic phonon, electron mobility decreases with an 
increase of electric field above F c m . The magnitude of characteristic field F c depends on semiconductor 
parameters such as crystallographic directions, impurity concentration, temperature, etc. It is of an or¬ 
der of 10 3 V/cm at 300 K, e.g., for pure Si F c ~ 10 3 V/cm, for pure Ge F c ~ 600 V/cm, for high purity GaAs 
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F c ~ 2.8-10 3 V/cm (5). The dependence /i(F) is explained by the phenomenon of electron gas heating-up 
under the effect of a high electric filed (Tjj4). However, in recent work (6), a new mechanism of electron 
lattice scattering, referred to as electron-phonon FIT (field induced tunnel) scattering, is observed. In the 
basis of the FIT scattering there lies a phenomenon of tilting of semiconductor bands by the perturbing 
potential of an electric field. The effect of the electron-phonon FIT scattering is explained in terms of 
penetration of an electron wave function into a semiconductor band gap in the presence of an electric 
field. Contrary to a flat-band semiconductor, in a tilted-band semiconductor, a conduction electron tran¬ 
sition in the band gap region is allowed. In (6), reconsidering the electron-phonon interaction theory, the 
case of electron intraband FIT scattering by non-polar optical phonon is analyzed. In the present work, 
electron-acoustic phonon FIT intraband scattering is considered. It is assumed that the non-degenerate 
n-type semiconductor has a parabolic conduction band. 


2. Electron-acoustic phonon FIT transition probability 


To theoretically characterize the carrier scattering, it is necessary to consider the scattering probabil¬ 
ity and evaluate the relaxation time. The task of the transition probability calculation is solved based on 
the perturbation theory (see, e.g. (THU). According to this theory, the probability per unit time of quantum 
system transition from A state to A' state, to the first order in the perturbation, is determined as GIUI 


W( A, A') 


1 d 
H 2 d t 


t 


/ 


«A',A(f)dr 


( 2 ) 


Here, aa',a(H is the perturbation matrix element: 


«A',aW 



(R, 


v 


(3) 


t) - i//a(R) exp(-ii?^ tlh), A is the set of quantum numbers characterizing different states of a non- 
perturbed system, i//a(R) and Ex are the wave function and energy eigenvalues of stationary state of 
a non-perturbed quantum system, respectively, W (R, t) is the perturbation operator, R is the set of the 
quantum system coordinates, V is the volume, is the complex conjugate symbol. 

Consideration of the electron scattering by phonons is based on j2) and {3} as well. In brief, the de¬ 
scription of the probability calculation is as follows. In the present case, the quantum system consists of 
a conduction electron in the crystall periodic field and lattice normal vibrations. Then, A should be re¬ 
placed by an electron quasi-wave vector k and by the phonon occupation numbers of all possible states. 
The electron-phonon interaction Hamiltonian ff e -ph is taken as perturbation W (R, r); the r radius vector 
and the normal coordinates of lattice vibration are taken as a quantum system coordinate R. The wave 
function of non-perturbed state of an electron-phonon system is expressed as a product of one-electron 
wave function and harmonic oscillator wave functions. 

In flat-band semiconductors, an electron state is described by Bloch functions. Therefore, for an 
electron scattered from an initial state |k> to a final state |k'}, the transition probability per unit time 
VF(k,k') is evaluated based on the Bloch functions GUI. To simplify the calculations, a plane wave 
y/kir) = e lkr / yJL x L y L z (where L x , L y and L z are the sizes of a semiconductor, V = L x L y L z ) is used 
sometimes as an electron wave function CEE! (nearly free electron approximation). Calculations of the 
probability W (k, k') based on the Bloch function or plane wave are well known and reported in detail in 
numerous publications (see, for example, GMI)- However, in the present work, a semiconductor, whose 
bands are tilted by the perturbing potential of a uniform electric field, is of interest. In this case, electron 
eigenfunctions are not plane waves or Bloch functions Q]0[7)- Here, based on such an assumption, the 
probability W (k, k') is recalculated following the above-mentioned general approach. It is assumed that 
the perturbation Hamiltonian ff e -ph. which is a harmonic function of time (harmonic perturbation), is 
determined using the deformation potential theory Q}jU of electron-phonon interaction. The results of 
our calculations show that: 
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• the probability of electron transition with phonon absorption i 


w n ( k,k') = 


Dl d 


2p r VH df 


^ [n .7 f y-fk-toq r 

\ — / die h / 
q V «/ J 


(r)e lqr if k (r) 


(4) 


• the probability of electron transition with phonon emission can be presented as follows: 


W e { k,k') = 


Qac Cl 
2p r VH d t 


(5) 


Here, y/k(r, t) — i//k(r)exp(-i£kf/?z), \fj k (r) is the conduction electron wave function of stationary state k, 
' ■! is the phonon angular frequency, n q is the occupation number of the equilibrium phonons, which is 
:-Einstein distribution: 


M -*-o--i- J’ 

given by the Bose-Einstein distribution: 

rc q = l/[exp(flw q /fc B r)- l] . 

The summations in (4) and (5) should be carried out in the range of the first Brillouin zone (BZ). 
After integration over t, © and {5) are expressed as follows: 

• e k r -e k 


( 6 ) 


W a ,e( k,k') ; 


D 2 c ?z d 
2p r V df 


y *7 

q 


1 _ 1 e 1 - t, - f -i r 

n„ + - +--- / dry/. 

2 2 £ k ' - £k + J 
V 


(r)e ±iqr i// k (r) 


(7) 


Here and bellow, upper and lower symbols of double signs refer to electron transitions with the q phonon 
absorption and emission, respectively. 

In the presence of a uniform electric field F (which is parallel to the z-axis), the electron wave-function 
is determined by the stationary Schrodinger equation which in the effective mass approximation is ex¬ 
pressed as follows: 


h 2 j d u u i 

~2^i(dx 2 + df + dP 2 ' + eFZ ~ Ek 


fkW = 0. 


( 8 ) 


Here and below, the index k of £ k is omitted to simplify the expressions, so we can substitute £ k —► £ and 

Pm —► p f in fnrthpr PYnrpQQinriQ 


£ k ' —*• e’ in further expressions. 

The solution of {§) is given by (see, e.g., CflEJiU) 


y k (r)=-i=efW ZB (z). 

V LxLy 


Inserting {9) into (8), the following equation is obtained CD|7]H) 

h 2 d 2 

l’^5? +eFz - £ T“ lz,=a 

The solution of this equation is Q as follows: 

Xniz) = C„Ai[y - (fc„/) 2 ], 

where C n is the normalization constant, l = {H 2 l2eFm) 113 , Ai is the Airy function (8): 

00 a 

If lu 3 ) 

Ai (s) - — I ducos I — + us I. 

o 

Electron energy eigenvalues £ are determined as follows: 


£ = 


h 2 k 2 L 

2m 


+ £« i 


(9) 


( 10 ) 


( 11 ) 


( 12 ) 


(13) 
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where e n - H 2 k 2 /2m, the index n identifies the electron energy eigenvalues, k 2 L = k 2 + k 2 , is the 
electron wave-vector perpendicular to the electric field. Energy eigenvalues e n (or k n ) are determined 
from the boundary conditions (see below) for the wave function Xn(z). 

For a semiconductor of length L z in z-direction (i.e., -L z l 2 L z l 2) from (9) and relation (SI 

L Z I2 

dze i^-<,l,z ) Z =Sqzqiz (14) 



it follows 


/ 


L z l 2 

dr 3 V / k'(r)t/ / k( r )e ±lqr = ^k' x ,k x ±q x ^k' y ,k y ±q y f dzx*,(z)Xn(z)( 

L z l 2 


,±iq z z 


Inserting (IS) into (7) yields 


(15) 


W fl , e (k,k') = 


D 2 c h d 
2p r V df 



1 

2 


x 


• e k' -£ k + ^ w q 

e 1 - t, - f _i 


£k^ £k klx )q 


L z l 2 

Sk' x ,k x ±qjk' y ,k y ±q y f d Z X * n ,{z)Xniz)e ±i ^ Z 
—L Z I2 


2 


(16) 


The Kronecker <5 in this equation expresses the laws of conservation of perpendicular to the electric 
field quasi-momentum x, y components of the scattered particles. Here, only the normal N-processes of 
scattering are considered. 

After summation with respect to q x and q y with the help of the Kronecker 8, fl6) becomes as follows: 


WV(k,k') 


D 2 c h d 


2 p r V d t 


E 


q 


1 _ 1 e 1 
>la + - + - 


k+ftwq 


-1 


2 2 £k'-£k + q 


q x = ±(.k' x -k x ), 
qy = ±(k y - k y ) 


LJ2 

X J dz X* n '( z ')Xn(z)e ±lqzZ 

-L Z I2 


(17) 


Taking into account that oi q is an even function on q (and particularly on q z ), from (IT) one obtains 


, 2D 2 h d 

W a , e (k,k') = 


p r v dr 


L z l 2 


E 

q z » o 




- ,• E k' - £ k +fi "q , 

1 _ 1 e 1 - » - 1 

n a + - + - 


-1 


2 2 £k' ~ £k + ^ w q 


q x = ±[k' x -k x ), 
q y = i (ky — k y ) 


xRe f d zx* n f{z)Xn(.z)e ±lctzZ 
-L Z I2 


(18) 


Using the following formal transformations 

2 


d 

df 


E c qW 

q 


d v- « v- dCq (r) 

= TZ E Cq(f)Cq,U)=2Re £ -^—<£(«, 
q,qi q,qi ut 


(19) 
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( fT8> may be written as follows: 


Wa,el k,k') = 


—- Y Re 

PrV q % 

<n,z » 0 


y y(i)qlt)q 1 


1 1 


1 1 


n a + - + - \l n qi + ~ + - 


gU+Wq+Wqj ) t _ gi-S-1-- t 

£ k ' — £ k + 

LJ2 


2 2 


q x = ±(k'-k x ), 

i Jy = +OCy - k y ) 

L,/2 


2 2 


x Re J dzx*,(z)x,i(z)e ±lrlzZ Re J &z 1 x* n ,(zi)Xn(zi)e ±iqi ’ zZl . (20) 


For a sufficiently long time t, when the relation lim sin{at)la = nS{a) can be used Q]|2l, (20) is expressed 

t—*oo 

as follows: 


, 4 Dl r „ 

W a , e { k,k') = —£ Z 


qqi 


1 1 


2 2 


1 1 


«a+: + :P qi + 7 + 7 


2 2 


Pr^ q z 5 0 I 
9l,z * 0 

(iWq + WqJSCWq-Wqj) _ £ k '-£k + ^q 

— 7T- = -h 7T£)(£ k / - £ k + RWq)- = - 

£ k £ k -j- H(Jjq^ £ k ' £ k + H(l)q^ 

L z l2 L Z I2 

xRe J dzx* n dz)Xn{z)e ±lclzZ Re J dzi X* n '(zi)Xn(zi)e ±iqhzZl . 


q x = ±(.k x - k x ), 

qy = ±(k!y - ky) 


( 21 ) 


-L z l 2 


-LJ 2 


In this expression, the summation with respect to q\ rZ is non-zero only when q z = (j\ tZ . Then, electron 
transition probability can be written as follows: 


4 nD 


Wfl, e (k,k') = y — Uq+^ + ^]«5(£ k '-£ k + ?IWq) 


PrV 


q x .qy 

ftSO 


1 1 


2 2 


* ^V x ,k x +q x ^k r v ,ky+qy 


L z l 2 

Re J dzx* n ,(z)Xnlz)e ±iqzZ 

-L Z I2 


( 22 ) 


Here, the Dirac 5-function indicates the energy conservation law. 

Note, if in (22) the plane wave ( Xniz ) = e lkzZ l v/ZI) or Bloch function is taken as an electron wave 
function, then the well-known classical expression of probability W^gfk.k') (l}{4) (Fermi Golden rule) 
is derived. In the common case, the calculation of the integral and sum in (22) is complicated. On the 
other hand, the expression (l) for T k ac is derived (within the framework of the flat-band semiconductor 
model) by using the approximation of elasticity of electron-acoustic phonon scattering (elastic collision 
approximation, hcoq « £ k ) with the assumption that 


n q + 1: 


kv.T kuT 


h(t)q hvoq 


»1. 


(23) 


Here, <u q = Vo q dispersion law of the long wavelength longitudinal acoustic phonon is used. 

To reveal the difference between the results of flat and titled band approaches it is reasonable that 
these assumptions should be used here as well. Then, after simple summing with respect to q x and q y , 
(22) takes the following simpler form: 


W fl , e (k,k') = 


4nDl c k B T 

PrVhv 2 Q 


<5(£ k '-£ k ) 



dzx* n ,[z)x n {z)e ±lqzZ 


2 


(24) 
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In what follows, we use the transformation 

L z l 

f 


I 

q z »0 


L z /2 

Re J d zx* n ,{z)x,iiz)e ±iqzZ 
L z l 2 

L Z I2 

dz [Xn'WXn(z)e ±lc,zZ + Xn'WXnW^ 

L Z I2 

L z l2 L Z I2 

= ^Re E [ f dzdz i \ln'^Xn{z)Xn'izi)x* n {zi)e ±lqzZ+iq ~ Zl 
£ n^O J J L 


- E 

q z »0 


f 


,* (7\p +1C lz Z \ 


q z »0 


—L z /2—L z l2 


and the relation 0 


The result is as follows: 


+ X*„> (z) X n (z) X*n' (Zi) Xn (Zi) e ±11?z z±lq * Zl 1 


^ e i^ z (z Zi) _ l z S{z-Zi). 
q z 


(25) 

(26) 


W fl>e (k,k') 


7iDl c k B TL z 
PiVhvl 


5(£k'-£k)Re 


L z l2 L Z I2 

/ / 


—L Z I2—L Z I2 


dzdzi [x*„>(z)Xn(.Z)Xn'tel)Xn (Zi)ff(z-Zi) 


+Z^(z)^n(z)^^(Zl)^n(Zl)<5(z+ Zl)] • (27) 

Delta-integration over Zi yields: 

, 7rD?. A:b r L z 

W„, e (k,k') = - ac T ” , <?(g k '-£k) 

PrVHv z 

L Z I2 

xRe f dz||x„/(z)| 2 |x ra (z)| 2 + x*,(z)ln(z)x*,(-z)x, i (-z)|. (28) 

-L-J2 

Electron energy eigenvalues e n are determined from boundary conditions to (lO). Note, there is some 
difference between the peculiarities of the movement of an electron under electric field in vacuum and an 
electron in a semiconductor. Conduction band gap Ai? c of a semiconductor is a finite quantity. Contrary 
to the vacuum, the movement of a conduction electron in a semiconductor with perfect lattice has an 
oscillation character, as it is shown in figure]!] 

Electron ‘el.l’ oscillates between the bottom of the conduction band and semiconductor edge; electron 
‘el.2’ periodically reflects from the conduction band top and bottom edges. The behavior of an ‘el.2’ is 
well-known as a Bloch oscillation. Boundary conditions for Schrodinger equation l[l()) and, therefore, 
electron energy eigenvalues in case of Bloch oscillations have been reported, for example, in Q5j|. Here, for 
definiteness, neglecting the Bloch oscillations, the case of ‘el.l’ is considered only, i.e., it is assumed that 
the electric field is low and the magnitude of A E c is very large. In other words, the model of a triangular 
quantum well with finite sizes is considered. 

Here, we are interested in a large length semiconductor, particularly, in z-direction. Then, the allowed 
values of k n (or £„) are computed from the boundary condition Xn (z = -L z l 2) = 0 as (see, |7) and 
figure]!} 

+ (k n l ) 2 = -a n> (29) 

where a n are the zeros of the Airy function which are located in the negative part of the real axis {§). 
They are well approximated as a n = — (3zr[4« — 1]/8) 2/3 , where n — 1,2,.... Inserting this relation into (29) 
we obtain 

— + ( k n l ) 2 = 

21 
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Figure 1. Semiconductor energy-band diagram in the presence of a uniform electric field F (parallel to 
the z-axis); el.2 - Bloch oscillations. 


Solving (30) for k n and inserting the result into (13) , one obtains energy eigenvalues (7): 


2 m 


L z _ J_ 

2/ 3 + Z 2 


3 71 


-(n- 1/4) 



(31) 


The values e in (3l) are obtained as a function of the electron state quantum numbers. The quantities k x , 
k y (or kj_) and n (or k n ) are a set of quantum numbers which determine the conduction electron state in 
the presence of an electric field. 

Normalization constant C„ in (TT) is determined as follows: 

L Z I2 

C~ 2 = J dz|Ai(y-(fc„Z) 2 )| 2 . 

-LJ2 

It is known (7]|8) that 

ds Ai 2 (s) = sAi 2 (s) -Ai' 2 (s), 

where Ai' is the derivative of the Airy function. 

Consequently, normalization constant C n can be presented as follows: 

C~ 2 = l [sAi 2 (5) - Ai ,2 (s)] \ L a f +an . (34) 

For a semiconductor with large length L z one has 

C,7 2 = ZAi' 2 (a„). (35) 


(32) 


(33) 


Here, we used the fact that Ai [a n ) = 0; functions Ai(s) and Ai'(s) exponentially vanish for positive large 
argument s (8). On the other hand, the value Ai'(fl„) is well approximated as 03 

Ai , (a B )s(-l)" _1 -4=(-a II ) 1/4 . (36) 

\Jn 


Insertion of (36) into (35) yields: 


(37) 
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Thus, using CCO. (29) and taking into account that is the real function [see, (ll), (H)] the expression 
(28) can be presented as follows: 


W a , e (k,k') = 


7iDl c kyTL z l , 
PrVHvl 


L Z I21 


S{e k '-£k)C 2 ,C 2 < 


J du |Ai(u- (k n d) 2 )Y |Ai(u- (fc„/) 2 )| 2 


-L z /2l 


L z !2l 


J du [Ai(tt- (k n il) 2 ) Ai(-w- (k n ’l) 2 )A\[u-[k n l) 2 )Ai(-u- [k n l) 2 )\ >, (38) 


-L Z I21 


where u- zl l is the dimensionless variable of integration. (38) describes electron transition probability 
in the presence of an electric field. Transition probability depends on the electric field and it is a symmet¬ 
ric function: W^efk.k') = W a e (k',k). 


3. Electron-acoustic phonon FIT scattering time 

The scattering time is defined by (3): 


r 


-l 

k,sc 


£mk,k') 

k' 


(39) 


(38) shows that in the present case, the probabilities of phonon absorption and emission by electron are 
the same: W a (k',k) = W e (k,k'). Then, (39) can be written as follows: 

T ksc = 2 Lw e (k,k'). (40) 

k' 


In the common case, the scattering time (the inverse of the scattering rate) differs from the relaxation 
time although sometimes both of them are equivalent (for example, the above-mentioned case of 0)0- 
To calculate t^ c in (40), we replace the sums over k' x and k' y by integrals over k' x and k' y , respectively. 
The transition from the sum to integral with the help of the relation dk' x dk' y -n dk' 2 can be presented as 
follows: 


£ 

k' 


2 L x Ly 
(27r) 2 


- f dk' x dk' y £ i = 

BZ ' 



(41) 


Here, coefficient 2 in the numerator is related to the electron spin. 

From (30) it follows that fc 2 +1 - fc 2 ~ HI 2 . The distance between k n and k n+ 1 depends on n and it is 
small for large l. Therefore, at low-field regime, one can change the summation over n' by an integral 
over k n r. 



(42) 


The derivative dn' ldk n i can be evaluated based on (30) . The solution of (30) for n is given the following 
expression for n': 

2 it \ 3/2 1 

ri = — \^ + {k n d) 2 \ +-. (43) 

3tt{21 ) 4 

Therefore, 


dn' 
d k„t 


2 rk n 


21 


+ {k n ’ l) 2 . 


Based on (29), the derivative dn'ldk n i can be presented as follows: 


(44) 


dn' 

dk n , 


2 l 2 k n i , _ 

- V~ a n'- 

71 


(45) 
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Thus, transition {41) can be presented as follows: 


L — -^r J J dk'?dk 2 n ,V^. 


k' 2 k 2 , 

_L,max «\max 


(46) 


k' 2 . k 2 . . 

-L,min n 1 , min 


Inserting (38) into (40), simultaneously taking into account (37) and transition (46), for the scattering time 
one obtains: 


1 k,sc 


DlMTC n 
p r Hv 2 0 

L z /2l 


k' 2 c’ 
-L,max 5 max 


L z /2l 


J J dk , 2 ds' 8 (£k’ - fk) j J du |Ai(w- s')| 2 |Ai(u- (k n l ) 2 )\ 2 


Is 1 2 
±,min min 


y-L z l2l 


+ J du Ai(u- s') Ai(-u-s') Ai(—u — [k n l) 2 ) Ai(u- {k n l) 2 ) > . 


(47) 


-LJ21 


Here, s’ = (lk n /) 2 is the dimensionless variable of integration, Brillouin zone is replaced by the infinite 
range: 0 kf < oo. The limits of integration over s’ are determined by the 5-function 


9 yyi 

8{e v - £v )=^8{k'l + k 2 n ,-kl~k 2 n ), 


(48) 


as: sJhJh = -a\ - L Z I21, = ( k 2 L - k 2 ) l 2 , where ci\ = 8) 2/3 is the first zero of the Airy function (8). 

5-integration over s' in (47) yields 


r. 1 
k,sc 


2D 2 ac mk B TCl 

p r fl 3 v 2 


oo ( L z /2l 


Jds' ± l J du |Ai(z<+ s' ± - A)|“ |Ai(w-(fc„Z) 2 )| 2 


-LJ21 


L-/21 


+ J du Ai(n + - A) Ai(-n+ - A) Ai(-n- (k n l) 2 ) Ai(n- [knl) 2 ) l. (49) 


-LJ21 


Here, = k’^l 2 is the dimensionless variable of integration, A = kj_l 2 + k 2 l 2 = 2 merlh z is the dimen¬ 
sionless energy of an electron. 

In (49), evaluations of the first and second the integrals over can be carried out based on (33) and 
following the integral of the product of two Airy functions (8), respectively, 


OO 

J ds Ai(b+ s) Ai(c+ s) = — -[Ai(h) Ai'(c) - Ai'(h) Ai(c)]. 


( 50 ) 


The result is as follows: 


1 D 2 mk B TC 2 

ac n [h + I 2 ], 


where 


k ' sc p r h 2 v 2 

J du {(A - M)Ai 2 (u-A) + A1 ,2 (u-A)} |Ai(u- (fc„/) 2 )| 2 , 


L Z I21 


(51) 


(52) 


-L Z I21 


L Z I21 


I 2 - J du — [Ai(tt-A)Ai'(-w-A) -Ai'(w-A)Ai(-tt-A)] Ai(-n- [knl) 2 ) Ai(zt- [k n l] 2 ) . (S3) 


-L Z I21 
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The functional analyses of the sub-integral expression show that the main contribution in integrals (52) 
and (53) is given by the range near u ~ 0. An approximate estimation of the integral (53) is carried out 
with the help of L’Hopital’s rule. The result is as follows: 


h + h* 


j^2 [AAi 2 (-A) + Ai ,2 (-A)]. 


Therefore, the electron scattering time can be presented as follows: 


T 


-l _ 
k,sc 


D 2 ac mk B T 

p r H 3 v^l 


[AAi 2 (-A)+Ai' 2 (-A)]. 


(54) 


(55) 


4. Summary 

The electron-acoustic phonon scattering theory has been reconsidered. In semiconductors, whose 
bands are tilted under uniform electric field, the time of electron scattering by acoustic phonon is deter¬ 
mined by (55) . Scattering time depends on the electron energy e. It depends on the electric field as well, 
because A ~ el 2 ; l ~ F _1/3 . Those dependencies are determined by the Airy function properties (8). Thus, 
for negative arguments, the Airy function oscillates. From the asymptotic series of the Airy function Ai(A) 
and of their derivative Ai'(A) it follows that for large negative argument (8) 

|A|Ai 2 (-|A|)+Ai ,2 HA|) = |A| 1/2 /tt. (56) 


The Airy function decays exponentially for positive arguments. The first terms of asymptotic series of the 
Airy function and of their derivative for positive arguments are as follows: 

1 | a| 1/4 

Ai(|A|) = exp(-2|A| 3/2 /3), Ai'([A[) = -'-I— exp(-2|A[ 3/2 /3). (57) 

2 y/n\/\\ Liq: 2 \/n 

Then, from (55) , (56) and (57) it follows: 


• for positive large A 

_! _ D 2 ac mk B T\A\ 112 
Tfc ' sc 7rp r ft 3 v 2 Z 


(58) 


• for negative large A 


r-i ■ 

1 k,sc 


D 2 mk B T\A\ 112 1 , 

ac ■ — exp (—4[A[ 3/2 /3). 


np r H 3 V^l 


Insertion A and l into (59) yields: 


(59) 


T k,sc = T k,ac \ ex P ( _4 V2m\E\ 3 lh 2 / 3efj. (60) 

General expression (55) for the electron-acoustic phonon scattering time can be modified by inserting A 
into (55) . Then, one has 


, D 2 mk B T\2mel z 

T -1 — aC _ A j 

k,sc p r h 3 v^l h 2 


2 me l 2 
h 2 


+ Ai' 2 


Imel 2 ^ 


(61) 


It is easy to establish that (58) and (!) are the same. As equation (60) shows, the scattering time of low 
energy electron depends on the electric field. The dependence has exponential character. This effect has 
been explained in terms of the penetration of the electron wave function into a band gap of a semicon¬ 
ductor (6). As a result, for low energy electrons, which are located near the bottom edge of the conduction 
band, the transition with phonon emission becomes allowable in the region below the conduction band 
edge. Note, at flat-bands approach, there is a threshold of a phonon emission by a low energy electron, 
for detailes see (lO). All these peculiarities are well displayed in figureE] where the dependencies of 
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and r k j, c on electron dimensionless energy elk B T are plotted for n-Si at T = 300 K with the following 
parameters 0: m - 0.32mo, Pi - 2329 kg/m 3 , Vo = 8.43-10 3 m/s, D ac = 9 eV. The dependence k B T) 

(curve ‘a’) is calculated at F - 800 V/cm based on (6T). The dependence T“ 3 ( .(e/fc B r) (curve ‘b’) is cal¬ 
culated based on 0. As shown in figure [2] the curve ‘a’ has a character of light oscillations around the 
curve ‘b’. At a low field regime F <~ 400 V/cm, the curves ‘a’ and ‘b’ practically coincide in the range 
of positive energy. Other important peculiarities are as follows: on the curve ‘b’ there is a fracture, i.e., 
clTkac^cl^l = oo [see, equation 0]; on the curve ‘a’ there is no fracture [see, (61)]. 



Figure 2. (Color online) The dependencies of t, 1 (curve ‘a’ -F = 800 V/cm) and t, 1 (curve V -F = 0) 

K,SC K,3C 

on electron dimensionless energy e!1c b T for n-Si at T = 300 K. 

Taking into acount the problem solution reported in (6| it can be stated that the results of the present 
study can have a principial effect on the mobility fluctuation theory, especially. It should be noted that in 
the above-presented electron-acoustic phonon FIT scattering study, the electron quasi-momentum relax¬ 
ation time and its relation to the scattering time is not included. It requires a separate consideration. 
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lHflyi<OBaHe e/iei<TpoHHoai<ycTi/mHi/iM c|>ohohhmm no/ieM 

TyHe/lbHe p03CmHHfl 

C.B. Me/iKOH^H, AJ1. XapaTKDHflH, T.A. 3a/iiHflH 

(PaKy^bTeT tf>i3HKH HaniBnpoBiflHMKiB i MiKpoe/ieKTpoHiKH, epeBaHCbKuti flep>KaBHHM yHiBepcmeT, 0025 
GpeBaH, BipMeHia 

y CTairi noflaHO hobi/ih nor/iflfl Ha Teopiio e/ieKTpoHHOaKycTHHHOro po 3 ciioBaHHfl o^Horo (|)OHOHa. npH pbOMy 
npunycKaeTbca, mo HeBHpoflxeHi/iw HaniBnpoBiflHHK Mae ct|)epnMHy napa 6 o/iiHHy 30 HHy CTpyKTypy. B ocHOBy 
neper/i^fly Teopii noiyiafleHO ecfieKT Haxw/iy HaniBnpoBiflHMKOBi/ix 30 H ripn Hax/iaflaHHi 36 yptOK>Horo noTeHLji- 
a/iy e/ieKTpwHHoro no/ia. y LjbOMy Bnnaflxy B/iacHi cjsyHKmiV e/ieKTpoHa Bxe He e n/iocKMMi/i xbi/i/ihmm hh (fiyH- 
KpiflMH E/IOXa. B peXHMi C/ia 6 KHX nO/liB OTpWMaHO BWpa 3 H fl/lfl MMOBipHOCTi e/ieKTpOHHMX BHyTpiLUHb 030 HHHX 
nepexofliB i fl/ia nacy po 3 cmHHn b Ha 6 /iwx<eHHi npyxHix 3 iTKHeHb. Taicox npoaHa/ii 30 BaHO 3 a/iexHiTb nacy po 3 - 
ci^HHfl Bifl eHeprii e/ieKTpoHa Ta HanpyxeHocri oflHopiflHoro e/ieKTpimHoro no/in. npeflcraB/ieHO pe 3 y/ibTa™ 
BiflnoBiflHHX hmc/iobmx o 6 Hwc/ieHb fl/w n-Si npi/i TeMnepaTypi 300 K. BcTaHOB/ieHO BiflcyTHicrb 3 /iaMy Ha KpHBiH 
3 anexHocri nacy po 3 ciriHHfl e/iexipoHa Bifl eHeprii e/ieicrpoHa. 

KmoHOBi c/iOBa: HaniBnpoBiflHMK 3 Haxi/uieHOK) 30 hok>, eneKTpoHHOaKycTbWHe cpoHOHHe po3c'mHHB, 
iiMOBipHiCTb nepexofly, nac po3ciaHHn 
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